The evolution of the maximum contact stresses in amorphous carbon coated silicon during sliding wear against a Si 3 N 4 ball was investigated. Amorphous carbon coating was prepared on a silicon substrate by the electron cyclotron resonance (ECR) plasma sputtering method. Surface morphologies of the coating and counterpart were measured by an atomic force microscope (AFM). The friction and wear behavior of the coating was studied by a ball-on-disk tribometer. The cross-sections of the wear tracks at different wear stages were observed with a scanning electron microscope (SEM). Maximum contact stresses with different coating thicknesses were calculated by the three-dimensional semi-analytical method (SAM). The results demonstrated that when taking surface asperities into consideration, maximum shear stress at the bonding interface and adjacent substrate showed a dramatic increase during wear and should be responsible for the initiation and propagation of the cracks observed at the final stage of sliding.
Introduction
Amorphous carbon coatings, one of the most intensively researched and widely applied thin films, show extraordinary tribological property and wear resistance in fields such as microelectromechanical systems (MEMS), high-density magnetic recording systems, and biomechanical devices [1] [2] [3] . From the viewpoint of designing amorphous carbon coatings, it is well known that the maximum contact stresses, namely, maximum tensile stress, maximum shear stress, and maximum von Mises stress play important roles in engineering applications because the wear regime and fracture mechanism of the coatings are mainly determined by these maximum stresses [4] [5] [6] .
During sliding wear, the change in coating thickness holds the key to the wear because it gradually alters the maximum contact stresses. There are many published studies focused on the friction and wear behaviors of amorphous carbon coatings with respect to coating thickness. Wang and Kato [7, 8] studied the coating thickness dependence of initial wear of nitrogen-doped amorphous carbon sliding against a diamond tip, and the results indicated that both the critical load and critical number of friction cycles for observable wear particles generation increased with increasing coating thickness. Dorner et al. [9] studied the abrasive wear resistance of diamond-like carbon (DLC) coated Ti 6 Al 4 V with a variety of coating thicknesses, and they found that the cohesive failure of the DLC is dependent on the coating thickness. Bai et al. [10] evaluated the scratch wear resistance of super thin carbon nitride overcoat by an AFM with a diamond tip. Observation of the scratched grooves indicated that the wear mechanism for a coating thickness less than 5 nm was brittle fracture in substrate and abrasive wear; the wear modes transformed to plow and plastic deformation when overcoat thickness was 6-10 nm. Therefore, clarifying the evolution of maximum contact stresses induced by thickness change during sliding wear is important for control of wear behavior.
There are many published studies on the contact stresses distributions of coating under sliding contact by numerical or analytical methods. O' Sullivan and King [11] analyzed three-dimensional quasi-static stress states by employing the least-squares approach and determined the distributions of von Mises stresses in the coating and substrate. Komvopoulos [12, 13] studied the elastic contact problem of a coated semi-infinite solid compressed by a rigid surface with the finite element method (FEM). Michler and Blank studied the failure mechanisms of the substrate and coating composite [14] through a parametric elastic-plastic finite element analysis (FEA) for the common load case of the indentation of spherical bodies into a layered surface considering a wide range of coating thicknesses. Roman and Gabriel [15] proposed a simplified algorithm for solving the contact problem of elasticity connected with an indentation of a rigid sphere in an elastic half-space [16] covered by an elastic layer, and they studied the ratio between maximal tensile stress and von Mises stress on the surface of the heterogeneous half-space and at the layer-half-space interface at different parameters. A number of researchers have also applied the boundary element method (BEM) [17, 18] to analyze wear cracks numerically in layered elastic solids. The semi-analytical method is an alternative way to solve the contact problems. The conjugate gradient method (CGM) [19, 20] and the fast Fourier transform technique (FFT) [21] are widely applied to calculate the contact pressure on layered elastic solid. Chen et al. [22] developed a fast SAM model for solving the three-dimensional elastoplastic contact problems involving layered materials using the equivalent inclusion method (EIM). On the other hand, Diao et al. [23, 24] introduced the local yield map and interface yield map of a hard coating under sliding contact, showing the yielding position by evaluating the critical maximum contact pressures for yielding at the different positions using the FEM method. Recently, Zhang et al. [25] studied the three-dimensional local yield initiation of the coated substrate system in the contact region of a ball on disk model by SAM. The studies mentioned above provided valuable knowledge about the contact stresses of an ideal flat coating sliding against a surface with a certain radius.
However, solid surfaces contain irregularities or deviations from a prescribed geometrical form [26] . The contact modeling of two rough surfaces is of considerable meaning in the study of friction and wear [27] [28] [29] . Many studies have been reported on the contact mechanics analysis of rough surfaces. Cai and Bhushan [30] investigated the contact behavior of rough, multilayered elastic-perfectly plastic solid surfaces with a numerical three-dimensional contact model. Dini and Hills [31] studied the interfacial contact pressure and shear traction distributions for a sphere pressed onto an elastically similar half-space whose surface is populated by a uniform array of spherical asperities. Students and Rudzitis [32] examined stresses under the elliptical Hertzian contact area, which appear during a real contact between two asperities in the process of sliding friction. However, few studies has been carried out on the evolving maximum contact stresses of amorphous carbon coating with thickness changing in a realistic ball-on-disk tribosystem.
This paper, therefore, concentrates on the evolution of maximum contact stresses in amorphous carbon coating during sliding wear against a Si 3 N 4 ball from the viewpoint of realistic industrial applications. For this purpose, an amorphous carbon coating was prepared on a silicon substrate with an electron cyclotron resonance plasma sputtering system. Surface asperities of the coating and counterpart Si 3 N 4 ball were measured with an atomic force microscope. Friction coefficient and wear life of the coating were measured with a ball-on-disk (BOD) tribometer. Coating thickness and cross-sectional views of the coating during wear were obtained by post-sliding scanning electron microscope observation. According to the experimental results, contact models were solved to analyze the stresses in the coating-substrate system at different thicknesses by the semianalytical method.
2 Experiment Details 2.1 Preparation of Carbon Coatings. Amorphous carbon coating was prepared on polished silicon substrate (p-type h100i) by the ECR plasma sputtering method. The working schematic of the system was described in detail elsewhere [33] . Substrates were cut into 20 Â 20 mm 2 squares and then cleaned in acetone before fixed onto the substrate holder. The background and operating pressure in the vacuum chamber were 3 Â 10 À6 and 3 Â 10 À4 Torr, respectively. The substrate holder was heated to 400 C and the temperature was kept at 400 6 1 C during deposition and for one hour after the deposition. A high-purity carbon target was used as the carbon source, and argon was used as bombardment gas. Silicon substrate was in situ sputter-cleaned prior to deposition by 3 min bombardment etching with Ar þ of 5 eV to remove any residual contaminants. A divergent magnetic field and microwave were combined to generate argon plasma before a target bias voltage was applied. Carbon atoms were, consequently, sputtered off the target, and coatings were formed on the substrate by applying a substrate bias voltage. A typical set of deposition parameters in this study is as follows: target bias voltage of À300 V, substrate bias voltage of þ10 V, and deposition time of 60 min. 3 N 4 Ball. Thickness of the as-deposited carbon coating was measured by cross-sectional observation with a field emission scanning electron microscope (jt-6700F). A uniform value of 300 nm was measured. The value was also checked through step height measurement at the margin area of the prepared carbon coating and silicon substrate. By taking the deposition time of 60 min into consideration, a depositing rate of 5 nm per minute could be calculated.
Characterizations of Carbon Coating and Si
Adherence of the carbon coating to the silicon substrate was examined by a triboindenter (Hysitron TI950). Nano-scratch tests were carried out on the coating with a diamond tip (radius of 100 nm) under normal load of up to 8 mN. Results showed that after 40 repeated segments the coating adheres to the substrate well, and no delamination was observed from the substrate.
Surface roughness of the carbon coating and Si 3 N 4 ball (used as counterpart in the following tribotest) was measured by an atomic force microscope (Innova), and the roughness images were fixed to 20 Â 20 lm 2 scan size and 256 Â 256 sample data size to minimize scale-related roughness variations. Figure 1 shows the isometric views of the as-deposited carbon coating and the Si 3 N 4 ball surface as measured by the AFM with the no contact mode. It can be seen that both surfaces possess finite roughness with microscopic asperity features. According to Greenwood and Williamson [34] (GW), the roughness of two approaching surfaces could be combined into an infinitely smooth surface and a surface with spherically shaped asperities having a uniform mean radius r and following a Gaussian height distribution. Table 1 summarizes the individual and combined GW roughness parameters [35] extracted from the AFM topographical data of the coating and Si 3 N 4 ball. r is the standard deviation of surface heights, r is the mean radius of curvature of asperity, and g is the areal density of asperities. The standard deviation of the asperity heights of the combined surfaces could be computed as r 2 ¼ r 1 2 þ r 2 2 , while for the combined values of r and g, they follow the relationships that 1/r 2 ¼ 1/ r 1 2 þ 1/r 2 2 and (r 1 2 þ r 2 2 )/g ¼ r 2
2
/g 1 þ r 1 2 /g 2 , respectively. In this study, r Â r Â g ¼ 0.036, also noting from Archard [36] that r Â r Â g ¼ constant (0.03-0.05).
Ball-On-Disk Tribotest and Post-Sliding Observation.
A ball-on-disk type tribometer was used for cyclic sliding tests on an amorphous carbon coating. A detailed schematic diagram of the apparatus could be found in a former published study [33] . The test samples were fixed onto the sample holder, which is driven by a ball spindle with rotary accuracy of 2 lm. The Si 3 N 4 ball was fixed at the end of the cantilever as the counterpart. Normal load of 1 N was applied on the pallet after a balance of the cantilever was gained by adjusting the balance weight. During the test, the disk was rotated at a constant speed of 180 rpm, and the decentration between the contact center and the rotary spindle was 1.4 mm. The signal of friction force was collected with the strain gauge pasted on the cantilever with an accuracy of 0.02 N. All experiments were performed in ambient conditions (20) (21) (22) (23) (24) (25) C, 40-60% RH). It should be noted that plenty of tribotests were carried out under the same experiment parameters, it was found that all test specimens have similar wear lives, and the reproducibility of the tribological experiment is good.
Mean depths of the wear track at the carbon coating surface were measured with a white light interferometry (WLI) (Taylor Hobson CCI 6000) after certain cycles of sliding wear. The CCI 6000 system was used for fast three-dimensional profilometry with z-axis resolution of 0.1 nm. The scan size was set as 1 Â 1 mm 2 , and the sample data size was set as 256 Â 256. Mean wear depths values were extracted by measuring surface profiles in the radial direction of circular wear tracks. The wear volumes at each step of friction test were calculated with area of wear track crosssections. Specific wear rate was calculated according to the volume of the material loss as a function of sliding distance. The cross-sections of the wear tracks after different sliding cycles were examined by an SEM. Figure 2 shows the friction coefficients and the mean wear depths of the as-deposited amorphous coating sliding against a Si 3 N 4 ball. It can be seen that after a short period of running-in, the friction coefficient decreases to a relatively low value of 0.090 rapidly and stabilizes at a mean value of 0.122 for about 20,000 sliding cycles. Meanwhile, the mean depth of the wear track gradually increases during sliding, the values of which are 15.5 nm for 1500 cycles, 92.5 nm for 7500 cycles, and 217.5 nm for 18,750 cycles, respectively. The specific wear rate of the coating was calculated by measuring the volume of the material loss after certain sliding distance, and the value is 1.216 Â10 À6 mm 3 /(N Á m). It should be noted that after a long period of steady sliding wear, the friction coefficient dramatically increases to 0.506 at the sliding cycle of 20,355 cycles of wear, which marks the fracture of the entire coating. Furthermore, since wear rate change corresponds to the wear mode change [37] , a rapid increase in the mean wear depth is observed due to high wear rate caused by severe wear of the unprotected silicon substrate.
Experiment Results

Tribological Properties of Amorphous Carbon Coating.
Figures 2(a)-2(c) show the edge-on SEM images of wear tracks taken after 1500, 7500, and 18,500 sliding cycles, respectively. For coatings at an early stage after 1500 cycles of sliding wear, the coating thickness was 285 nm as shown in Fig. 2(a) . The cross-section SEM image of the center of the wear track shows that no plastic deformation was found at the bonding interface or in the substrate along the cross-section of the wear track. For coatings at middle stage of wear after 7500 cycles, the thickness of the coating was decreased uniformly to 212 nm, and a clear and undamaged interface could be observed at this stage as shown in Fig. 2(b) . For coatings at final stage after 18,500 cycles, thickness of the coating is 82.5 nm as shown in Fig. 2(c) . Moreover, cracks were found in the silicon substrate and were fairly closed to the bonding interface. Noting that soon after this period in the wear test, fragmentation of the entire carbon coating was observed after 20,355 sliding cycles. It should be pointed out that the loading condition was uniform at each friction point during tribotests. And we viewed many crosssections and checked the coating thicknesses at different crosssections along the same wear track; the cross-sections at each friction step are similar, and values of thicknesses were in accordance with those shown in Fig. 2 as well. The wear measurements correspond to the average of the SEM images randomly taken on the wear track. Also, no crack was observed until the coating thickness reached the critical value of 82.5 nm. The propagation and connection of the substrate cracks at the final stage was believed to be the reason of delamination of bulk coating material, and the wear mechanism thus could be adhesive failure at the end of sliding wear.
Contact Stresses Analysis
4.1 3D SAM Method. Figure 3 shows a three-dimensional ball-on-disk contact model of the Si 3 N 4 ball and an amorphous carbon coated silicon substrate. The coating is assumed to be of a uniform thickness t and is perfectly bonded to an elastic substrate. Normal load W and tangential forces F x are both applied on the top of the Si 3 N 4 ball. a refers to the actual radius of the contact zone. The coordinate is proposed, in which the surface of the coating and the bonding interface are defined as z 1 ¼ 0 and
The calculation parameters are given in Table 2 . Normal load W was fixed at 1 N. Tangential load F x was determined by the friction coefficient measured in the experiment, where l was equal to 0.122 obtained from the experiment results. P max and a 0 are the maximum Hertzian contact pressure and Hertzian contact radius with uncoated condition, correspondingly. It should be noted that in the following results, the stresses were normalized by P max , and the coordinates were normalized by a 0 .
For the boundary conditions, only the shear traction in the x direction q x is involved while the frequency response functions, corresponding to the traction q y , can be obtained from symmetrical characters along the y ¼ 0 plane. The applied loads consists of normal pressure p(x,y) and shear traction q x (x,y). The boundary conditions at the upper layer surface (z 1 ¼ 0) are given by In the substrate, the stresses and displacements should vanish at a large distance from the contact surface: r ð2Þ ðx; y; 1Þ ¼ 0; u ð2Þ ðx; y; 1Þ ¼ 0
In this contact model, surface displacements, subsurface normal stresses (r xx , r yy ,r zz ), and subsurface shear stresses (r xy , r yz , r zx) distributions were calculated by using the three-dimensional semianalytical method, in which conjugate gradient method and discrete convolution and fast Fourier transform (DC-FFT) technique were used for higher solution speed. A detailed description of the numerical method was reported in Refs. [25, 38] . Then the von Mises stress r vm in the contact zone was calculated with the normal stresses and shear stresses, where r vm was defined as follows [11] , and a difference of less than 1% was obtained (see Ref. [25] ). Figure 4 shows the distribution of normal stress r xx normalized by the maximum Hertzian contact pressure P max on the diagram of x/a 0 and z/a 0 in the y ¼ 0 plane. Positive values of r xx /P max stands for tension, and negative values represent compression. It can be seen that the distributions of r xx /P max are quite similar at four thicknesses of carbon coating, despite the sharp bending observed at the interface in Figs. 4(a) and 4(b) . The maximum tensile stress always occurs at the surface of the coating. For t ¼ 0.05a 0 in Fig. 4(a) , (r xx /P max ) max ¼ 0.273; for the cases of t ¼ 0.40a 0 , a 0 and 1.50a 0 in Figs. 4(b)-4(d) , the values of (r xx / P max ) max are 0.256, 0.253, and 0.254, respectively.
For shear stress r zx distributed in the concerned plane, the normalized results are shown in Fig. 5 . Two poles of the stress contours with different sign of values are observed for each case of four coating thicknesses. The sign of the stress values corresponds to the defined coordinates but make no difference in the effect of shear on the materials. In Fig. 5(a) for t ¼ 0.05a 0 , the regions of high absolute value of r zx /P max occur in the silicon substrate, where the maximum value of jr zx /P max j is 0.245. In Fig. 5(b) for t ¼ 0.40a 0 , the regions of high values of jr zx /P max j are observed in the substrate and around the bonding interface, where jr zx /P max j max ¼ 0.255 is generated at the bonding interface. When coating thicknesses are a 0 and 1.50a 0 in Figs. 5(c) and 5(d), the maximum values of r zx both occur in the coating, where j(r zx /P max )j max ¼ 0.256 in Fig. 5(c) and j(r zx /P max )j max ¼ 0.255 in Fig. 5(d) . Figure 6 shows the contour plots of the dimensionless von Mises stress. In Fig. 6(a) for t ¼ 0.05a 0 , the regions of high value of r vm /P max occur in the substrate, where the maximum value of r vm /P max is 0.371. In Fig. 6(b) for t ¼ 0.40a 0 , the regions of high values of r vm /P max are observed in the substrate and around the bonding interface, where (r vm /P max ) max ¼ 0.383 is generated at the bonding interface. In both Fig. 6(c) for t ¼ a 0 and Fig. 6(d) for t ¼ 1.50a 0 , the region of highest value of r vm /P max is generated in the coating, where (r vm /P max ) max ¼ 0.375 in Fig. 6 (c) and (r vm / P max ) max ¼ 0.377 in Fig. 6(d) . Figure 7 shows the relationship between maximum values of normalized contact stresses (r xx /P max , r zx /P max , and r vm /P max ) and normalized coating thickness (t/a 0 ) calculated at four positions in the y ¼ 0 plane. w T (x, 0, z)is employed to represent the value of (r xx /P max ) max and w Ts , w Tc , w Ti , w Tb are the values of w T (x, 0, z) at the surface, in the coating, at the interface, and in the substrate, respectively. Similarly, w S (x, 0, z) and w Y (x, 0, z) are used to represent the values of (r zx /P max ) max and (r vm /P max ) max in the concerned plane, respectively. For contact stresses at the surface of the coating shown in Fig. 7(a) , maximum tensile stress w T is dominant and its value generally keeps at steady level of 0.25$0.28 as t/a 0 decreases from 1.50 to 0.05 reflecting the whole wear process. Also, the maximum values of shear stress, w S and maximum von Mises stress w Y at this position both hold at a stable stage for the same range of t/a 0 , the values of w S and w Y are around 0.10 and 0.20, respectively. For contact stresses in the carbon coating shown in Fig. 7(b) , as t/a 0 decreases from 1.50 to 0.50, w T shows an overall stable trend except for some tiny fluctuations when t/a 0 is less than 0.80, w S almost keeps at a constant value of 0.26, and the maximum value of the von Mises stress w Y keeps at a high level around 0.37. With a further decrease of t/a 0 from 0.50 to 0.05, w T increases from 0.18 to 0.27 in wave, while w S and w Y both show a decrease in this period. For contact stresses at the bonding interface and those in the silicon substrate shown in Figs. 7(c) and 7(d), it is obvious that w T at both positions turn out to be the least dominant among the three in general, even though an obvious increase of maximum tensile stress were observed when t/a 0 is between 0.05 and 0.50, which should be due to the effect of surface traction. For the interface (see Fig. 7(c) ), maximum shear stress w S increased from 0.09 to 0.25 and maximum von Mises stress w Y from 0.18 to 0.37 as t/a 0 decreased from 1.50 to 0.50, and both stresses show similar evolving trends with that in the carbon coating as t/a 0 further decreased from 0.50 to 0.05 (see Fig. 7(b) ). For the substrate (see Fig. 7(d) ), w S increased from 0.09 to 0.25 and w Y from 0.18 to 0.38 as t/a 0 decreased from 1.50 to 0.50, and both stresses hold at the high values as t/a 0 further decreased from 0.50 to 0.05. It should be noted that during sliding wear, the maximum values of shear stress and von Mises stress at the interface show a similar trend with that in the substrate when t/a 0 is larger than 0.50, while show similar trend with that in the coating when t/a 0 is smaller than 0.50. Such coherence indicates that w S and w Y in the substrate It is well known that shear stress at the bonding interface plays an important role in adhesive failure during sliding contact, and equivalent stress of von Mises is responsible for the initiation and propagation of microcracks induced by local plastic deformation. In order to clarify the exact reason dominating the coating failure, a very effective way is to evaluate the critical maximum contact pressure for the onset of shear or yield. Either shear or yield may occur firstly, and it is determined by a relatively lower value of the critical maximum contact pressure P max,c . It has been mentioned in the previous studies of Diao et al. [23, 24] that the critical maximum contact pressure P max,Y for initiation of yield could be obtained as follows: Similarly, the critical maximum contact pressure P max,S for occurrence of shear could be P max;S ¼ Min½ÀSðx; 0; zÞ=w S ðx; 0; zÞ (6) Here S(x, 0, z) is the distribution of the shear strength in the y ¼ 0 plane. In accord with the condition of evaluation of yield initiation, S(x, 0, z) relies on the value of z, when z < t, S(x, 0, z) ¼ S c , and when z > t, S(x, 0, z) ¼ S b , where S c and S b are the shear strength of the coating and substrate materials, respectively. The negative sign is used to eliminate the directional effect of the calculated shear stress in the defined coordinate. Figures 8(a)-8(d) show the comparisons between the normalized critical maximum contact pressures (P max,c /H b ) for initiation of shear (P max,S /H b ) and that for initiation of yield (P max,Y /H b ) with t/a 0 change at four positions in the coating-substrate system. Note that the hardness of the silicon substrate H b is used for the normalization of both critical contact pressures. A simple assumption is made that H b ¼ 3Y b ¼ 6S b and H c ¼ 3Y c ¼ 6S c , which is widely accepted in practical applications for ductile and isotropic materials. Note that the relationship was used since wear of the coating is a mild and homogeneous process (no large scale brittle fracture of coating was observed). And it is also due to the difficulties in measuring the yield strength of amorphous carbon coatings. Therefore, the values of Y c /Y b and S c /S b are both calculated as 1.084 by H c /H b . It could be seen that the calculated critical maximum contact pressure for occurrence of shear and yield generally reveal similar trend varying with t/a 0 at four positions. For the surface, the values of P max,Y and P max,S are almost on the same level, indicating that yield and shear could probably occur simultaneously at the coating surface ( Fig. 8(a) ). For the coating, P max,Y is larger than P max,S for a wide range of t/a 0 from 1.50 to 0.05, which means the effect of shear is dominant for fractures at this position (Fig. 8(b) ). For the interface and substrate, which are most concerned with coating delamination in this study, shear is still dominant and generally shows stronger and stronger influence during wear. Thus, it can be concluded that during the sliding wear of carbon coated silicon substrate, shear plays a more important role in influencing the wear of materials in the coating, at the interface, as well as in the substrate.
Meanwhile, it is also of interest to investigate the probable initiation position of shear and its transition during wear. Figure 9 shows the relationship between the normalized critical maximum contact pressure P max,S /H b for the shear and normalized coating thickness t/a 0 . It should be pointed out that the shear will appear firstly from the position where the minimum value of P max,S /H b locates. Thus, when t/a 0 is larger than 0.50, the shear will initiate Fig. 7 Evolution of the normalized maximum contact stresses (r/P max ) max with t/a 0 change during sliding wear, (a) at the surface, (b) in the coating, (c) at the interface, (d) in the substrate for E c /E b 5 1.086 and l 5 0.122, where w T , w S , and w Y refers to the maximum values of the normalized tensile stress (r xx /P max ), normalized shear stress (r zx /P max ) and normalized von Mises stress (r vm /P max ), respectively in the coating while when t/a 0 gets smaller than 0.50, the shear will initiate at the bonding interface and local substrate. Based on this understanding about the transition between two states of shear initiation, one could predict the critical thickness marking the change of weak positions in a coating-substrate system.
Discussion
According to the computation results shown in Fig. 7 , the evolution of maximum contact stresses thus could be obtained with a corresponding range of normalized coating thickness t/a 0 during sliding wear. Normally, the Hertzian contact radius a 0 was considered as the value of the Si 3 N 4 ball in contact with uncoated silicon substrate. In this case, a 0 was calculated as 27.98 lm (see Table 2 ). As the thickness of the coating decreased from 300 nm to 82.5 nm in the sliding wear test, the range of t/a 0 was from 0.011 to 0.003, equivalently. In this instance, the coating could be regarded as ultra-thin and the distributions of the contact stresses in the coating as well as at the bonding interface were determined by stresses at the coating surface. Thus, the values of the maximum contact stresses could be considered almost invariant during the entire sliding wear process (small variation of t/a 0 in Fig. 7 ). It should be noted that when taking the surface asperities (see Fig. 1 ) into consideration, the dimensionless results of the contact stresses analysis in Figs. 4-9 are appropriate for each asperity in contact as well. While in this case, the value of a 0 used to normalize the coating thickness should be the semicontact-width of the asperities in real contact area. Because of the order of magnitudes' difference of a 0 , the evolution of the maximum contact stresses due to asperity contact would be greatly different from that of the Si 3 N 4 ball contact. In order to investigate the evolution of maximum contact stresses during wear in this case, the semicontact width a 0 is derived as follows:
The individual surface roughness parameters of the Si 3 N 4 ball and amorphous carbon coating were obtained in the second part of this study. Corresponding combined surface roughness parameters are calculated and shown in Table 1 . Greenwood and Williamson [34] have shown that the separation between the surfaces is of the order of r to 2r over a wide range of load; thus, the maximum interference or compression subjected to the tallest asperity will be between 2r and 3r, when the radius of the curvature of the asperity is r, the semicontact-width a 0 is in the range that ffiffiffiffiffiffiffi ffi 2rr p < a 0 < ffiffiffiffiffiffiffi ffi 3rr p , thus the value of a 0 was calculated to be between 183.6 nm and 224.8 nm. For the purpose of a simple and convenient computation, a medium value of 200 nm of a 0 was selected. Thus, the range of t/a 0 was from 1.50 to 0.40 for asperity contact during sliding wear (coating thickness between 300 nm and 82.5 nm). Note that contact mechanics are originally based on continuum mechanics that assumes uniform and continuous materials properties regardless of the scales in space and time. It is often valid when tackling scientific and engineering problems of surface interaction on a macroscale [39] . In this study, the wear performance of the coating could be mainly governed by average effects of the material properties in macroscale; thus, the dimensionless results obtained from the theoretical analysis based on the macroscale contact model are still appropriate for the multi microscale asperities contacts. And the effect of molecular or atomic level events may not be considered here. It can be seen from Fig. 7 that during sliding wear, the effect of maximum tensile stress mainly act on the coating surface. While, according to the analysis results shown in Figs. 7(c) and 7(d), the maximum shear stresses and maximum von Mises stresses at the interface and those in the adjacent substrate, namely, w Si /w Sb and w Yi /w Yb , increased by 178% and 111% during wear, correspondingly. According to Fig. 8 , when t/a 0 decreased from 1.50 to 0.40, shear played the decisive role in wear of the coating at the interface as well as in the substrate. Therefore, the cracks observed in Fig. 3(c) are believed to be the result of repeated shear stress cycles subjected to the bonding interface and local substrate. Also, according to Fig. 9 , when a 0 is equal to 200 nm, the critical value of coating thickness for shear transition is calculated as 100 nm (t/a 0 for shear transition is 0.50). Thus, once coating thickness is smaller than 100 nm due to wear, the bonding interface and local substrate become the most vulnerable. Therefore, the transition of shear onset position from coating to substrate could aggravate the effect of repeated shear on the local zone (including bonding interface and neighbor substrate) and is believed to play a promotive role in the initiation and propagation of cracks ( Fig. 2(c) ), probably with the pre-existence of interfacial defects. Based upon this knowledge, we could probably prevent the occurrence of interfacial cracks by presetting a safe value of coating thickness in the designing period of coated productions.
In this paper, we mainly focused on the evolutions of maximum contact stresses with one coating thickness and one set of tribological conditions, it was mainly due to the time-consuming process of tribotests. And we consider it would be better if further tests can be carried out with variations in coating thickness, friction coefficient, or combinations of coating-substrate materials. However, the defect does not obscure the conclusions drawn from the calculation and interpretation of the work. In addition, it could be deduced that the wear mode of delamination should follow the power law of low cycle fatigue proposed by Manson [40] , Coffin and Schenectady [41] , and Diao and Kato [42] . Therefore, the fatigue resistance of the coating could be examined with a further study upon different loading conditions, and it would be of considerable value in coating design and failure prevention as well.
Conclusion
The evolution of the maximum contact stresses in an amorphous carbon coated silicon substrate during sliding wear against a Si 3 N 4 ball was studied by combining the experimental results and the semi-analytical method. And we proposed the method of solving the ball-on-disk contact model with realistic friction coefficient and coating thicknesses in the wear process. Discussions were made on the relationship between wear modes and maximum contact stresses based on the understanding of asperity contact. Thus, main conclusions are drawn as follows:
(1) The friction coefficient of amorphous carbon coating is 0.122, the coating thickness decreased from original 300 nm to 82.5 nm during sliding wear until bulk delamination took place. In this period, the values of maximum shear stresses and maximum von Mises stresses (w Si and w Yi ) at the bonding interface, as well as those (w Sb and w Yb ) in the near-interface substrate zone, increased by 178% and 111% (see Figs. 7(c) and 7(d)), correspondingly. (2) Shear stress dominated wear in the carbon coating, at the bonding interface, as well as in the silicon substrate. Cracks observed in the substrate are initiated and propagated mainly due to repeated shear stress subjected to the bonding interface and local substrate. (3) The normalized critical thickness for local shear transition from carbon coating to silicon substrate t c ¼ 0.5a 0 , where a 0 is the semicontact-width of surface asperities. The calculated thickness of 100 nm is close to the measured value for delamination in the experiments. For the studied realistic ball-on-disk tribosystem, the method of studying the maximum contact stresses evolution based on real surfaces contact is valuable in engineering application. 
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